Research in contextEvidence before this studyAR mediates 144 DDR genes and directly targets 32 of them, which may result in radiation resistance. ADT plus RT are currently used together to treat localized and locally advanced prostate cancer (PCa), and improve cause-specific survival.Clinically, nearly 20% of RT patients have rising serum levels of AR-regulated hK2 protein, which provides evidence of AR pathway upregulation after RT.Added value of this studyIncreasing DNA damage, suppression of DDR genes and induction of RT-mediated apoptosis are three important principles to enhance the therapeutic efficacy of radiotherapy for cancer. Here, we demonstrate that targeting RT-increased AR with ASC-J9^®^ could increase the radiosensitivity *via* regulating these 3 important pathways in PCa with little effect on the neighboring bladder cells.Implication of all the available evidenceCombination of RT and ASC-J9^®^ treatment represents a new effective therapeutic strategy to suppress PCa progression.Alt-text: Unlabelled Box

1. Introduction {#s0020}
===============

Prostate cancer (PCa), a common cancer among men worldwide, has been increasing in the recent years with 1 out of 6 men being diagnosed during their lifetime \[[@bb0005]\]. Radiation therapy (RT) is a popular treatment choice among patients with localized or locally advanced PCa that is categorized as either low risk PCa (≤ T2a, PSA ≤ 10 ng/dL, and Gleason score \< 7), intermediate risk PCa (PSA \> 10--20, Gleason score = 7, or clinical stage T2b or T2c) or high-risk PCa (PSA \> 20, Gleason score between 8 and 10 or clinical stage T3a). However, nearly 25% of intermediate and high-risk PCa tumors recur after RT.

Importantly, RT can be combined with a course of androgen deprivation therapy (ADT) using various antiandrogens together with RT \[[@bb0010],[@bb0015]\]. The result has a proven overall survival advantage, thereby establishing it as standard-of-care for high-risk localized PCa. While ADT + RT provides therapeutic benefit for PCa patients, yet it may also be accompanied with some adverse effects, including depression, hot flashes, fatigue, and loss of bone/muscle mass, which seriously compromise the quality-of-life of patients. Several therapeutic approaches, including β-lapachone \[[@bb0020]\] or resveratrol (RSV) \[[@bb0025]\], were developed to enhance the RT efficacy to further suppress PCa progression with fewer adverse effects of urinary and/or erectile dysfunction.

Recent studies indicated that androgen effects might not be equal to the androgen receptor (AR) effects and ADT with antiandrogens \[[@bb0030]\] may only reduce the androgen biosynthesis or prevent androgen from binding to AR, with little effect on the AR expression \[[@bb0035], [@bb0040], [@bb0045], [@bb0050], [@bb0055]\]. Since more and more data indicated that AR, at the castration concentration (1--2 nM) of androgens, could also be transactivated by various growth factors, cytokines and kinases \[[@bb0060], [@bb0065], [@bb0070], [@bb0075]\], targeting the AR, instead of targeting androgens, may result in better efficacy to further suppress the PCa progression.

The recently developed ASC-J9^®^ (5-hydroxy-1,7-bis(3,4-dimethoxyphenyl)-1,4,6-heptatrien-3-one), the first identified AR degradation enhancer, has been shown to effectively inhibit the growth of several AR-related tumors including prostate, liver, bladder and kidney cancers with low toxicity, minimal adverse effects and drug resistance \[[@bb0080], [@bb0085], [@bb0090], [@bb0095], [@bb0100]\].

We unexpectedly found that RT might have the adverse effect of increasing the AR expression, which could not be suppressed by the current ADT-antiandrogen treatment. We also found the RT-increased AR might increase the resistance to continued RT \[[@bb0105]\] or subsequent ADT, and combining RT with ASC-J9^®^ could enhance RT efficacy through both AR dependent and independent mechanisms to better suppress the PCa progression, with little adverse effects or damage to the neighboring normal bladder cells.

2. Materials and methods {#s0025}
========================

2.1. Cell lines and cell cultures {#s0030}
---------------------------------

We used two different PCa cell lines (C4-2 and CWR22Rv-1; ATCC Cat\# CRL-3315, RRID:CVCL_4782 and Cat\# CRL-2505, RRID:CVCL_1045), one normal bladder epithelial cell line (SV-HUC; ATCC Cat\# CRL-9520, RRID:CVCL_3798), and the 293T cell line. C4-2 and CWR22Rv-1 cells were maintained in RPMI 1640, SV-HUC cells in F-12K media, and 293T cells in DMEM media, all with penicillin (25 units/ml), streptomycin (25 g/ml), 1% L-glutamine, and 10% fetal bovine serum (FBS). For the castration resistant condition, the 10% FBS medium was replaced with phenol red free media containing 10% charcoal-depleted (CD) FBS and 1 nM DHT (this concentration simulates ADT, because it replicates the DHT concentration remaining in the tumors of PCa patients following castration).

2.2. Plasmids and lentivirus {#s0035}
----------------------------

A recombinant lentiviral vector containing AR-shRNA (pLKO-shAR) and a scramble lentiviral control vector (pLKO-Scr) were used to knock-down AR. To generate the recombinant lentivirus, lentiviral pLKO-shAR/pLKO-Scr with pMD2.G packaging and psPAX2 envelope plasmids (lentivirus:packaging:envelope, 2:1:1) were co-transfected into 293 T cells for 6 h, and then were changed to normal media for immediate use or frozen at −80 °C for later use. For the virus infection, viral supernatants were added to the target cells with 8 mg/ml polybrene (Millipore, Billerica, MA, USA) to prepare stable cell line clones.

2.3. Chemical compounds {#s0040}
-----------------------

ASC-J9^®^ (PubChem CID: 6477182) was purchased from AndroScience Corp. (San Diego, CA, USA). Enzalutamide (PubChem CID: 15951529) was purchased from MedChem Express (Monmouth Junction, New Jersey, USA). Casodex (PubChem CID: 2375) was purchased from Toronto Research Chemicals (North York, ON, CAN). Drug stocks (10 mM) were dissolved in DMSO and stored at −20 °C.

2.4. Clonogenic survival assays {#s0045}
-------------------------------

Cells were plated in 60-mm culture dishes at various densities of cells per plate, depending on the IR dosage used, and allowed to attach overnight. Media were changed to castration resistant condition (10% CD-FBS + 1 nM DHT) for 24 h. For assay of the long-term survival rate (Clonogenic forming assay), cells were treated with 1 μM or 2·5 μM ASC-J9^®^ for 6 h, and then cells were irradiated (Cs137 radiator, URMC, Rochester, NY, USA). The drugs were removed as soon as possible after irradiation (the irradiation source is in a different area of the Medical Center away from the lab) and cells incubated for 14 days. The colonies were fixed with 10% methanol and stained with 1% Toluidine blue. Colonies containing \>50 cells were counted using a stereomicroscope. The mean normalized surviving fraction from three similar independent experiments was calculated and the SEM reported.

2.5. TUNEL assay {#s0050}
----------------

Cells were plated on coverslips and allowed to attach overnight. Media was changed to castration resistant condition (10% CD-FBS + 1 nM DHT) for 24 h, cells were treated with 1 μM or 2·5 μM ASC-J9^®^ for 6 h, and then cells were irradiated (Cs137 radiator). The drugs were removed as soon as possible after irradiation. Samples were harvested 24 h after irradiation, fixed with 4% paraformaldehyde, incubated with 0.5% Trition X-100 in PBS, and blocked with 3% H~2~O~2~ in methanol. Then cells were stained with Cell Death Detection Kit (Roche, No. 11684817910). Apoptotic cells were visualized by fluorescence microscope at 20× power magnification. The total number of cells (DAPI was used for counter-staining) and apoptotic cells were counted in 3 random fields to calculate the apoptosis percentage.

2.6. Alkaline comet assay {#s0055}
-------------------------

C4-2, CWR22Rv-1, and SV-HUC cells were grown, treated, and irradiated under the described conditions. DNA lesions, including total base damage, double strand breaks (DSBs) and single strand breaks (SSBs), were assessed using single-cell gel electrophoretic comet assays under alkaline conditions (TREVIGEN, Gaitherburg, MD, USA), according to the manufacturer\'s instructions. Slides were stained with SYBR Gold (S11494, Thermo Fisher Scientific, Waltham, MA, USA) and visualized using a fluorescence microscope. Digital photomicrographs were taken and comet tail lengths quantified using alpha-image 2000. Each datum point represents an average of 5 cells ± SEM, and data are representative of experiments performed in triplicate.

2.7. Analysis of ROS Levels {#s0060}
---------------------------

C4-2 cells were plated at 4 × 10^4^ cells/well, allowed to attach overnight, and treated with a series of doses of ASC-J9^®^ (1, 2·5, or 5 μM) or DMSO for 16 h. Cells were then washed with a PBS solution containing 0.14 g of CaCl~2~ and 0.1 g of MgCl~2~ in 1 l of DPBS. The cells were then incubated with 10 μM 2′,7′-dichlorofluorescein diacetate (DCF-DA) (\#ab113851, Abcam, Cambridge, UK) for 1 h at 37 °C before irradiation. Test plates were irradiated at 10 Gy (control plates were taken to the source for the same time frame away from the lab as with test plates), and the fluorescence was measured for all the plates using an ELISA reader at an absorption wavelength of 485 nm and emission wavelength of 520 nm. The results were expressed as relative fluorescence, normalized to un-irradiated control.

2.8. Glutathione detection {#s0065}
--------------------------

Endogenous levels were measured according to instructions from the GSH-Glo™ Glutathione Assay Kit (\#V6911, Promega, Madison, WI, USA). Briefly, PCa cells were grown under described conditions in 96-well plates, with approximately 5000 cells/well in 200 μl total volume. After 16 h ASC-J9^®^ treatment, we carefully removed the culture media from the wells, added 100 μl of prepared 1× GSH-Glo™ Reagent to each well, and incubated at room temperature for 30 min. After incubation, 100 μl of reconstituted Luciferin Detection Reagent was added and luminescence measured by ELISA reader.

2.9. γ-H2AX assay {#s0070}
-----------------

PCa cells were grown under described conditions for 2 days on coverslips, with approximately 2000 cells/well in 1 ml total volume. Following IR, coverslips were washed and cells fixed with 4% paraformaldehyde and 0.2% Triton X-100, blocked with 2% Bovine Serum Albumin (\#A2058, Sigma-Aldrich,) and 0.5% Triton X-100, and then were incubated with *γ*-H2AX (Millipore Cat\# 05--636, RRID:[AB_309864](nif-antibody:AB_309864){#ir0005}) overnight at 4 °C. Coverslips were then washed, incubated with secondary antibody (Goat anti-Mouse IgG Alexa Fluor 488 Dye; \#: R37120 ThermoFisher Scientific, St. Louis, MO, USA) for 1 h at room temperature, and stained with 4′,6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI; \#D1306 ThermoFisher Scientific). Foci (green signal) number of each nuclei were compared under 60× power fields under a confocal fluorescence microscope.

2.10. Quantitative real-time PCR {#s0075}
--------------------------------

Total RNA was isolated using the TRIzol^®^ Reagent (\#15596026 ThermoFisher Scientific) according to the manufacturer\'s instructions. Total RNA was reverse transcribed into cDNA using iScript™ cDNA Synthesis Kit (\# 1708891, BioRad, Hercules, CA, USA). The primer sequences were listed in the [Table S1](#ec0005){ref-type="supplementary-material"}.The qRT-PCR was performed using the Bio-Rad iQ5 real-time thermal cycler and iQ™ SYBR^®^ Green Supermix (\#1708880, Biorad). Relative mRNA expression levels were normalized against GAPDH (as an internal control) and determined by the 2 − ΔΔCt method. QPCR primer list in Supplementary Table S1.

2.11. Homologous recombination DR-GFP assay {#s0080}
-------------------------------------------

2 × 10^6^ 293 T cells in 6-well plates were transfected with 0.7 μg of pDR-GFP plasmid (\#26475, Addgene, Watertown, MA, USA) and 2 μg of I-*Sce*I expression plasmid pCBASceI (\#26477, Addgene) using lipofectamine^®^ 2000 (\#11668019, ThermoFisher Scientific). After 48 h, GFP positive and total cells were counted in 5 random high-power fields under a fluorescence microscope.

2.12. Protein analysis {#s0085}
----------------------

For western blot analyses, protein extracts of each sample (50 μg/lane) were electrophoretically separated and transferred onto PVDF membranes that were incubated with antibodies against AR (Santa Cruz Biotechnology Cat\# sc-816, RRID:[AB_1563391](nif-antibody:AB_1563391){#ir0010}), pATR (GeneTex Cat\# GTX128145, RRID:[AB_2687562](nif-antibody:AB_2687562){#ir0015}), cleaved PARP, pCHK1 (Cell Signaling Technology Cat\# 9546, RRID:[AB_2160593](nif-antibody:AB_2160593){#ir0020}, and Cat\# 2348, RRID:[AB_331212](nif-antibody:AB_331212){#ir0025}), and GAPDH (Santa Cruz Biotechnology Cat\# sc-48166, RRID:[AB_783595](nif-antibody:AB_783595){#ir0030}), followed by horseradish peroxidase-conjugated secondary antibody. Protein-antibody complexes were detected by SuperSignal™ West Femto Maximum Sensitivity Substrate (\#34095, ThermoFisher Scientific) using the Bio-Rad imaging system.

2.13. Formation of xenograft and γ-radiation {#s0090}
--------------------------------------------

C4-2 cells (5 × 10^5^) were injected s.c. into the right flank of 6--8 week-old nude mice (National Cancer Institute, Rockville, MD, USA). Mice were castrated 14 days after tumor cell inoculation. Xenografts reaching \>100 mm^3^ were i.p. injected with vehicle or 75 mg/kg ASC-J9^®^ every other day, for a total of 3 times. Mice were exposed to 8Gy γ-ray (IR) at 16 h after the second ASC-J9^®^ treatment, but the mock control or ASC-J9^®^ only group were not irradiated. Mice were anesthetized i.p. with Avertin (2,2,2, tribromoethanol, \# T48402-25G, Sigma-Aldrich) (when irradiated) or isofurane (to measure tumor sizes) (NDC 11695-0500-2, Henry Schein, Melville, NY, USA). Xenografts were locally irradiated with a Model 8114 600 Ci Shepherd Cs^137^ irradiator (URMC), while other body parts were protected with lead shielding. Tumor regrowth curves of the mice were assessed for an additional 24 days. Tumor sizes were established with calipers (VWR, Radnor, PA, USA), and the volume of each xenograft calculated as follows: \[(short axis^2^ × long axis)/2\]. Ethics statement: The PCa xenograft mice study protocol was approved by the University Committee on Animal Resources (UCAR) and monitored by the Radiation Safety Unit. All the nude mice were ordered from NCI and were maintained in URMC vivarium facilities which is accredited by Accreditation of Laboratory Animal Care International (AAALAC).

2.14. Statistics {#s0095}
----------------

The data values were presented as the mean ± SEM. Differences in mean values between two groups were analyzed by two-tailed Student\'s *t*-test. The p ≤ 0·05 was considered statistically significant. Error bars represent SEM from three independent fields under microscopy and/or from at least 3 independent experiments. Limitation: multiple comparisons are made without adjustment for multiple-hypothesis testing (*e.g.* Bonferroni\'s correction).

3. Results {#s0100}
==========

3.1. Radiation increased AR expression in castration resistant prostate cancer cells {#s0105}
------------------------------------------------------------------------------------

According to NCCN Guidelines, RT combined with ADT with antiandrogens to either reduce androgen synthesis or prevent androgens from binding to AR are used currently as the standard therapy to treat advanced PCa \[[@bb0110]\]. While several studies indicated that ADT might have some adverse effects \[[@bb0115]\], the impact of RT on the AR expression remains unclear.

To study the potential RT effects on the AR expression, we first exposed the castration resistant prostate cancer (CRPC) C4-2 and CWR22Rv-1 cells to 4Gy IR under the castration conditions (1 nM DHT), and results revealed that radiation could increase AR expression at both mRNA and protein levels ([Fig. 1](#f0005){ref-type="fig"}a-b, respectively), which might then increase the AR transactivation ([Fig. 1](#f0005){ref-type="fig"}c) and AR downstream targets related to the DNA damage response (DDR) signals ([Fig. 1](#f0005){ref-type="fig"}d).Fig. 1The AR protein, transactivity and AR downstream DDR gene expression levels are elevated after IR. (a) After IR the AR protein level increased in a time dependent-manner (upper panels) in C4-2 and CWR22Rv-1 cells. Treating cells with ASC-J9® (J9) and IR can inhibit AR increase (lower panels). Enz treatment does not show the similar effect (middle panels). (b) The qPCR results show AR RNA levels increased in C4--2 cells after IR. (c) Luciferase activity reporter assays demonstrate that IR increases AR transactivity in C4-2 cells. (d) The qPCR results of several AR target genes and downstream DDR genes expressions are elevated in C4--2 cells after IR.For b-d, data are presented as Mean ± SEM, \*P \< 0·05, \*\*P \< 0·01.Fig. 1

This unexpected finding showing radiation may increase AR protein may have significant clinical implications, since elevated AR may counteract effects of ADT with antiandrogens. Elevated AR indeed has many adverse effects on the continuation of RT or subsequent ADT treatment to suppress PCa progression.

We also confirmed our finding *via* targeting the radiation-increased AR with either the AR degradation enhancer ASC-J9^®^ or AR-shRNA, or FDA-approved antiandrogen Enzalutamide (Enz, also named MDV3100). As expected, we found combining IR with ASC-J9^®^ treatment suppressed the IR-induced AR protein expression, yet IR combined with Enz failed to suppress the IR-induced AR protein expression ([Fig. 1](#f0005){ref-type="fig"}a).

3.2. ASC-J9^®^ increased radiosensitivity in CRPC cells with little injury to normal bladder cells {#s0110}
--------------------------------------------------------------------------------------------------

To examine the potential impacts ASC-J9^®^ on the radiosensitivity, we applied the clonogenic forming assay to measure radiosensitivity on CRPC *vs* bladder epithelial SV-HUC cells to evaluate the possible adverse effects in bladder tissue, which is adjacent to the prostate during RT. We treated C4-2 cells with a sub-lethal dose of ASC-J9^®^ (1 μM or 2·5 μM, see the sub-lethal dose condition test in Supplementary Fig. S1a-c) for 6 h and then irradiated with various doses (from 1 Gy--7 Gy) of IR, and results revealed that treating with 2·5 μM ASC-J9^®^ followed by IR significantly reduced clonogenic survival, compared to the radiation alone or ASC-J9^®^ treatment alone ([Fig. 2](#f0010){ref-type="fig"}a). Similar, but not as dramatic, results were observed when we replaced C4--2 with CWR22Rv-1 cells ([Fig. 2](#f0010){ref-type="fig"}b).

We want to know whether combining IR with ASC-J9^®^ damaged normal bladder cells, may result in a potential adverse effect on the urinary bladder (radiation cystitis), since it is critical for radiosensitizers to selectively target tumor cells with little damage to the neighboring normal cells. We applied the *in vitro* assay of normal bladder cells to test this concept. The results revealed that ASC-J9^®^ treatment resulted in little damage on the normal bladder SV-HUC cells ([Fig. 2](#f0010){ref-type="fig"}c). These results match well the early studies showing ASC-J9^®^ could degrade AR with fewer adverse effects in various mouse models.Fig. 2Differential radiosensitization effects of ASC-J9® in prostate cancer cells *vs.* normal bladder cells. (a-b) Clonogenic survival was reduced with the combined treatment of ASC-J9® (J9) + IR in C4-2 (a) and CWR22Rv1 (b) cells. (c) ASC-J9® + IR together results in only very minor effects in SV-HUC cells. (d) AR-shRNA + IR decreased clonogenic survival rate compared to scr control + IR. (e) Treatments with current antiandrogens could not enhance radio-sensitivity in C4--2 cells compared to ASC-J9® treatment. Three independent experiments were performed in triplicate and mean ± SEM has been plotted. Representative images are shown in bottom panels of each section. \*P \< 0·05, \*\*P \< 0·01, \*\*\*P \< 0·001.Fig. 2

Similar results were also obtained when we replaced ASC-J9^®^ with AR-shRNA to decrease AR expression in C4-2 cells ([Fig. 2](#f0010){ref-type="fig"}d), suggesting that targeting AR protein contributes to increased radiation sensitivity to better suppress PCa.

In contrast, we found treatment with Enz failed to decrease AR protein expression and could not provide the similar benefit to increase radiation sensitivity as 2·5 μM ASC-J9^®^ ([Fig. 2](#f0010){ref-type="fig"}e).

Together, results from [Fig. 2](#f0010){ref-type="fig"}a-e and Supplementary Fig. S1 suggest that treating with ASC-J9^®^ to decrease the IR-increased AR protein expression can increase radiosensitivity to better suppress PCa without damaging normal bladder cells.

3.3. Mechanism dissection of why ASC-J9^®^-decreased AR expression can increase RT sensitivity: inducing apoptosis *via* altering the AR dependent ATR-CHK1 pathway {#s0115}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------

To dissect the mechanisms of why ASC-J9^®^-decreased AR expression increases RT sensitivity, we focused on the following 3 different mechanisms: apoptosis, suppressing the DNA damage response (DDR) system, and inducing the DNA damage pathways \[[@bb0120]\].

We first examined the impact of ASC-J9^®^ on IR-induced apoptosis in PCa cells, since early studies indicated that PCa was highly resistant to γ-radiation-induced apoptosis \[[@bb0125]\]. Using the TUNEL assay, we found that treatment with ASC-J9^®^ could overcome the resistance to IR *via* altering the PCa cell apoptosis. We found that 2·5 μM ASC-J9^®^ plus 4Gy IR could significantly increase the TUNEL positive population in C4-2 ([Fig. 3](#f0015){ref-type="fig"}a) and CWR22Rv-1 ([Fig. 3](#f0015){ref-type="fig"}b) cells. Mechanism dissection indicated that ASC-J9^®^ treatment might mediate IR-induced apoptosis *via* activation of the atypical PARP cleavage in C4-2 ([Fig. 3](#f0015){ref-type="fig"}d) and CWR22Rv-1 ([Fig. 3](#f0015){ref-type="fig"}e) cells. In contrast, we found little effects on normal bladder SV-HUC cell apoptosis ([Fig. 3](#f0015){ref-type="fig"}c and f). Similar results were also obtained when we replaced ASC-J9^®^ with AR-shRNA in C4--2 cells to decrease AR, suggesting IR-induced apoptosis is AR protein dependent ([Fig. 3](#f0015){ref-type="fig"}g).Fig. 3The TUNEL positive cells are increased and apoptosis is promoted *via* atypical PARP after combination treatment of ASC-J9® and IR in PCa cells. (a-b) TUNEL-positive cells were significantly increased in the ASC-J9® (J9) + IR treated C4-2 (a) and CWR22Rv-1 (b) cells. (c) Fewer TUNEL-positive cells were shown in IR + J9 treated SV-HUC cells. (d--e) Western blot shows cleaved PARP-1 increases in C4-2 (d) and CWR22Rv-1 (e) cells. (f) The cleaved PARP-1 does not show expression in IR + J9 treated SV-HUC cells. (g--h) Transducing C4--2 (g) cells with scr or shAR, then applying IR, can enhance atypical PARP-1 cleavage and can suppress pATR (h). (i--j) Treating with ASC-J9® can suppress IR induced pATR-CHK1 activation in C4--2 (i) and CWR22Rv1 (j) cells. (k) Treating cells with ASC-J9® for 16 h, then irradiating cells, can result in G2M phase arrest bypass (left) in C4--2 cells (quantitation at right). (l--m) ASC-J9® treatment could suppress IR-induced ATR phosphorylation, but not treatment with antiandrogen CAD or Enz in C4--2 (l) and CWR22Rv1 (m) cells compared to DMSO (DM) treatment group. (n-o) ASC-J9®, but not CAD or Enz treatment, could trigger IR-induced apoptosis in C4--2 (n) and CWR22Rv1 (m) cells. For A-C, data are presented as Mean ± SEM, \*P \< 0·05, \*\*P \< 0·01, \*\*\*P \< 0·001, n.s = not significant.Fig. 3

To further dissect the mechanism why ASC-J9^®^-decreased AR could trigger the IR-induced apoptosis, we then focused on the ataxia telangiectasia and Rad3-related protein (ATR) kinase, the key damage sensors for detecting DNA breaks and DDR molecular recruitment \[[@bb0130]\], as well as Checkpoint kinase 1 (CHK1) \[[@bb0135]\]. Early studies indicated that ATR-CHK1 signals regulated the cell cycle G2M phase arrest after DNA damage and it was a key step for DNA repair and cell survival after IR \[[@bb0140]\]. Bypassing cell cycle arrest causes chromosome segregation without complete repair, which might lead to mitotic catastrophe and result in activation of cell apoptosis \[[@bb0145]\]. Importantly, recent studies indicated that agents that could target pATR-CHK1 signals (*e.g.* VE821) might trigger IR-induced apoptosis and further increase radio-sensitivity \[[@bb0150]\].

We found transducing AR-shRNA in C4-2 cells decreased AR protein expression, which might then suppress the expression of pATR ([Fig. 3](#f0015){ref-type="fig"}h). As expected, treating with ASC-J9^®^ to degrade AR protein could also suppress pATR and its downstream target pCHK1 in C4-2 and CWR22Rv-1 cells ([Fig. 3](#f0015){ref-type="fig"}i-j; we demonstrated that after IR the total ATR and CHK1 were not ideal loading controls, see Supplementary Fig. S2a-b). The consequences of such AR-suppression might then bypass the G2M phase arrest in cells ([Fig. 3](#f0015){ref-type="fig"}k and Supplementary Table S2).

As expected, treating with the antiandrogens Casodex (CAD) and Enz failed to suppress pATR expression in C4-2 and CWR22Rv-1 cells ([Fig. 3](#f0015){ref-type="fig"}l-m, respectively), since these antiandrogens failed to decrease AR protein expression, and therefore also failed to trigger the radiation-induced PCa apoptosis in both cell lines ([Fig. 3](#f0015){ref-type="fig"}n-o).

Together, results from [Fig. 3](#f0015){ref-type="fig"}a-o, Supplementary Fig. S2, and Supplementary Table S2 suggest ASC-J9^®^, but not CAD or Enz, may function *via* degrading radiation-induced AR to increase radiation sensitivity *via* overcoming the resistance of radiation-induced PCa apoptosis that may involve altering the pATR-pCHK1 signals.

3.4. Mechanism dissection of why ASC-J9^®^-decreased AR expression can increase RT sensitivity: suppressing the DNA repair pathway {#s0120}
----------------------------------------------------------------------------------------------------------------------------------

To evaluate the 2nd mechanism of how ASC-J9^®^-decreased AR expression increased radio-sensitivity, we focused measuring the γ-H2AX, an *in situ* marker, to check un-repaired DNA breaks since early studies indicated visualization of γ-H2AX allowed the assessment of DNA repair \[[@bb0155]\].

Our results in C4-2 and CWR22Rv-1 cells revealed that persistent γ-H2AX foci numbers ([Fig. 4](#f0020){ref-type="fig"}a-b) and amounts ([Fig. 4](#f0020){ref-type="fig"}c-d) increased after IR in an ASC-J9^®^ dose-dependent manner after 6 h treatment with ASC-J9^®^, suggesting that ASC-J9^®^ has the capacity of increasing radio-sensitivity through suppressing the DNA repair response. As expected in both cell lines, treating with CAD or Enz failed to suppress γ-H2AX amount ([Fig. 4](#f0020){ref-type="fig"}e--f) since these anti-androgens failed to decrease AR protein expression, and also failed to alter the DDR activation.Fig. 4ASC-J9® treatment increases the persistence of γ-H2AX and suppresses DDR.(A-B) Immunofluorescence image of γ-H2AX (Ser139) persistence at 24 h after IR with/without ASC-J9® (J9) treatment under confocal microscope (60× field) in C4--2 (a) and CWR22Rv1 (b) cells. (c-d) Western blot of γ-H2AX persistence at 24 h after IR treatment with/without ASC-J9® in C4--2 (c) and CWR22Rv1 (d) cells. (e-f) Antiandrogens (10 μM CAD and 10 μM Enz) fail to maintain γ-H2AX persistence in C4--2 (e) and CWR22Rv1 (f) cells. (g) ASC-J9® treatment suppresses IR induced homologous recombination in 293 T cells, quantitation at right. (h) RNA-seq results showing AR downstream DDR genes were suppressed by ASC-J9® treatment. For G, data are presented as Mean ± SEM, \*P \< 0·05, \*\*P \< 0·01, \*\*\*P \< 0·001.Fig. 4

We then applied the homologous recombination repair (HR) in the C4-2 cell line to confirm the above conclusions, and results revealed that IR triggered HR, and pre-treatment with ASC-J9^®^ suppressed the HR effect ([Fig. 4](#f0020){ref-type="fig"}g).

Importantly, when we applied RNAseq assay to globally analyze AR downstream DDR genes based on previous study \[[@bb0160]\], we found that 50% had significant suppression after ASC-J9^®^ treatment, and 47% had the suppression tendency ([Fig. 4](#f0020){ref-type="fig"}h and Supplementary Table S3).

Together, results from [Fig. 4](#f0020){ref-type="fig"}a-h and Supplementary Table S2--S3 suggest that ASC-J9^®^ may also function through suppressing the radiation-induced DNA repair process to alter the radiosensitivity.

3.5. Mechanism dissection of why ASC-J9^®^-decreased AR expression can increase RT sensitivity: inducing DNA damage by ROS generation and altering GSH level {#s0125}
------------------------------------------------------------------------------------------------------------------------------------------------------------

The 3rd mechanism of how ASC-J9^®^-decreased AR expression can increase radio sensitivity may involve altering the peroxidative damage with modulating the intra-cellular reactive oxygen species (ROS) to enhance the DNA damage \[[@bb0165]\]. We first applied the alkaline comet assay \[[@bb0170]\] to evaluate the overall level of DNA breaks (including SSB and DSB) after ASC-J9^®^ treatment + IR. PCa cells were treated with ASC-J9^®^ for 6 h and then exposed to 4 Gy IR. The results in [Fig. 5](#f0025){ref-type="fig"}a--b revealed that ASC-J9^®^ with IR dramatically enhanced IR-induced DNA damage (increased tail/body ratio) as compared to control groups in both the C4-2 ([Fig. 5](#f0025){ref-type="fig"}a) and CWR22Rv-1 ([Fig. 5](#f0025){ref-type="fig"}b) cells. We then measured the ROS generation through detecting DCF-DA, an indicator for cellular ROS, since early studies indicated that the major source of RT-induced DNA damage is *via* ROS production \[[@bb0175]\]. Results in [Fig. 5](#f0025){ref-type="fig"}c--d revealed that treatment of C4-2 ([Fig. 5](#f0025){ref-type="fig"}c) and CWR22Rv-1 ([Fig. 5](#f0025){ref-type="fig"}d) cells with ASC-J9^®^ for 6 h before IR dramatically increased ROS generation, compared to IR alone. Endogenous GSH, an important antioxidant that prevents oxidative damage was also obviously decreased in C4--2 and CWR22Rv-1 cells treated with ASC-J9^®^ ([Fig. 5](#f0025){ref-type="fig"}e-f).Fig. 5ASC-J9® could enhance the RT-induced DNA damage through elevating ROS and reducing GSH levels. (a-b) Alkaline Comet assay showing increased DNA damage when C4--2 (a) and CWR22Rv1 (b) cells were treated with ASC-J9® (J9) for 6 h prior to IR. Quantification of fluorescence intensity of body/tail ratio at right. (c-d) ROS level as measured by DCF-DA fluorescence in C4--2 (c) and CWR22Rv1 (d) cells with/without ASC-J9® treatment and 10 Gy IR. (e-f) Endogenous GSH after ASC-J9® treatment in C4--2 (e) and CWR22Rv1 (f) cells. (g) AR-shRNA (shAR) + IR does not dramatically enhance DNA damage in C4--2 cells, quantitation at right. (h-i) ASC-J9® (5 μM) treatment with antiandrogens (10 μM CAD and 10 μM Enz), could enhance IR induced DNA damage in C4--2 (h) and CWR22Rv-1 (i) cells, with quantitation at right. (j-k) ASC-J9® (5 μM), but not 10 μM CAD or Enz treatment, increases ROS level in C4--2 (j) and CWR22Rv1 (k) cells as measured by DCF-DA. (l) Schematic representation of the roles of ASC-J9® in RT. For ROS (c-d and j-k) and GSH (e-f) measurement, data plotted were mean ± SEM (n = 3). \*P \< 0·05, \*\*P \< 0·01, \*\*\*P \< 0·001 in comparison to respective DMSO group.Fig. 5

Interestingly, in C4--2 cells, when we replaced ASC-J9^®^ with AR-shRNA to suppress AR protein in the comet assay, we failed to see the obvious DNA damage effect ([Fig. 5](#f0025){ref-type="fig"}g), suggesting ASC-J9^®^-enhanced DNA damage may function *via* an AR-independent signal. Furthermore, treating the C4--2 ([Fig. 5](#f0025){ref-type="fig"}h) and CWR22Rv-1 ([Fig. 5](#f0025){ref-type="fig"}i) cells with CAD and Enz also failed to boost the DNA damage (increased tail/body ratio) or alter the ROS generation ([Fig. 5](#f0025){ref-type="fig"}j--k).

Together, results from [Fig. 5](#f0025){ref-type="fig"}a--k showing that ASC-J9^®^, and not AR-shRNA, CAD, or Enz, could modulate the ROS to alter the DNA damage, indicated that ASC-J9^®^ may function *via* its unique polyphenols structure, and not an anti-AR mechanism, to modulate oxidative stress \[[@bb0180]\]. Further study of this ASC-J9^®^ AR-independent mechanism to alter the DNA damage may help us to better understand these interesting findings.

3.6. Preclinical study using the *in vivo* mouse model to demonstrate that ASC-J9^®^ can increase radiosensitivity to better suppress PCa progression {#s0130}
-----------------------------------------------------------------------------------------------------------------------------------------------------

To demonstrate all above *in vitro* data showing ASC-J9^®^ could increase radiosensitivity to better suppress PCa progression in the *in vivo* mouse model, we xenografted 5 × 10^5^ C4-2 cells into nude mice, and mice were castrated 2 weeks after tumors formed. On the 14th day after castration, mice were treated with i.p. injections of ASC-J9^®^ at 75 mg/kg/on days 28, 30, and 32 (after cells injection), with exposure to 8-Gy dose radiation on day 31 ([Fig. 6](#f0030){ref-type="fig"}a). The results revealed that both IR alone or ASC-J9^®^ treatment alone decreased PCa tumor progression. Importantly, IR combined with ASC-J9^®^ led to better suppression of PCa progression ([Fig. 6](#f0030){ref-type="fig"}b) with the quantitation shown in [Fig. 6](#f0030){ref-type="fig"}c. In addition, the tumors excised after sacrifice showed the stronger apoptosis marker, cleavage of PARP ([Fig. 6](#f0030){ref-type="fig"}d).Fig. 6Tumor regrowth and apoptosis in xenograft nude mouse model. C4--2 cells were subcutaneously xenografted on the flanks of nude mice for 4 treatment groups, including non- IR, 8Gy IR, 75 mg/kg ASC-J9®, and 8Gy IR + J9. (a) Photograph for treatment of xenografted nude mouse model. (b) Representative images of each group at Day 0 and Day 24 (the middle circles contain group information and growth ratio of representative mice). (c) Tumor growth curve over time (n = 5), final tumor growth ratio was normalized with Day 0 value and compared by unpaired student *t* -test. (d) IHC staining of cleaved PARP-1 at 4 days after IR treatment in C4--2 cells, \*P \< 0·05, \*\*P \< 0·01, \*\*\*P \< 0·001.Fig. 6

4. Discussion {#s0135}
=============

One of the major limitations of RT in suppressing solid tumors, including PCa, is that the solid tumor cells are in a hypoxic environment \[[@bb0185]\] that reduces the efficacy for RT. Radiation\'s ability to kill cancer cells rapidly decreases in areas of oxygen depletion, because production of free radicals is reduced. Cancer cells with lower ROS status might be 2--3 times more resistant to RT than those in the normal condition \[[@bb0190]\], thereby reducing survival rates in patients. Our results clearly revealed that in PCa cells, adding ASC-J9^®^ before IR dramatically increased ROS and decreased GSH generation compared to IR alone ([Fig. 5](#f0025){ref-type="fig"}c--f). Hence altered ROS status is one of the key mechanisms by which ASC-J9^®^ enhances IR efficacy in our studies.

The use of neoadjuvant ADT together with RT has been used to increase overall survival and cure rates. In addition, ADT also reduced PCa tumor sizes to allow using lower doses of IR to suppress PCa \[[@bb0195]\]. Other reports indicated that ADT in combination with RT might also be able to delay the development of castration resistant PCa \[[@bb0195], [@bb0200], [@bb0205]\]. However, most, if not all, current ADT using antiandrogens may function *via* preventing or reducing androgens from binding to AR and have little capacity to suppress AR expression \[[@bb0210]\]. Importantly, accumulating evidence demonstrates that androgen effects are not equal to AR effects, because other factors, such as growth factors, kinases, cytokines or co-regulators, can also function in a similar manner as androgens to transactivate AR in the castration resistant condition \[[@bb0215], [@bb0220], [@bb0225], [@bb0230], [@bb0235]\]. In addition, AR variants (ARVs) have been identified to contribute to radioresistance \[[@bb0240]\]. Although the current ADT and antiandrogens have certain effects to enhance RT efficacy \[[@bb0245]\], these compounds failed to suppress ARVs mediated DDR. Therefore, targeting the remaining functional AR/ARVs after ADT may have better therapeutic efficacy in suppressing PCa progression during the castration resistant stage \[[@bb0250],[@bb0255]\].

Our unexpected finding that RT could enhance AR expression raised very important clinical questions as to whether the RT-enhanced AR might interrupt/reduce the continuation of RT therapy efficacy and if the RT-enhanced AR might also be able to reduce the efficacy of subsequent ADT with various antiandrogens after the development of the RT resistance. Our results reveal that using RT plus anti-AR agents, such as ASC-J9^®^ or AR-shRNA ([Fig. 2](#f0010){ref-type="fig"}a--d), yield better efficacies to suppress PCa. Since ASC-J9^®^ is a much smaller molecular compound, as compared to AR-shRNAs or microRNAs, it can easily be used for *in vivo* delivery \[[@bb0260], [@bb0265], [@bb0270], [@bb0275]\], and early *in vivo* mice studies using i.p injection or oral gavage with ASC-J9^®^ have demonstrated clearly the AR degradation with few adverse effects \[[@bb0210],[@bb0280], [@bb0285], [@bb0290], [@bb0295], [@bb0300], [@bb0305]\]. Importantly, results reported here further identified ASC-J9^®^ not only has an AR degradation effect, it also has an AR independent mechanism to increase IR efficacy with little adverse effects or indeed, a slightly protective effect on the neighboring normal bladder cells during IR.

As RT with a higher dose of γ-radiation may also result in damage to normal tissues, especially normal bladder tissue, several radiosensitizers including Bevacizumab \[[@bb0310]\], Isoflavones \[[@bb0315],[@bb0320]\], Panobinostat \[[@bb0325]\] and Sunitinib \[[@bb0330]\], have been developed to enhance the RT efficacy without increasing the γ-radiation dosage. Mechanistic studies suggested that these radiosensitizers might be able to function through multiple signals to alter the RT efficacy. For example, soy isoflavones were found to be able to enhance the efficacy of RT *via* inhibiting cell survival pathways with extra anti-oxidant and anti-inflammatory activities \[[@bb0315],[@bb0320]\]. Results from ASC-J9^®^ studies suggest that this drug might function through multiple mechanisms including alteration of the pATR/CHK1 pathway to accelerate the RT-induced apoptosis, suppressing DDR system and inducing the ROS production.

Among the above three major mechanisms we studied, we found replacing ASC-J9^®^ with AR-shRNA to knock down AR allowed us to obtain similar results in activating cell apoptosis effects ([Fig. 3](#f0015){ref-type="fig"}g) and suppressing the ATR/CHK1 pathway ([Fig. 3](#f0015){ref-type="fig"}h), but not the ratio of tail/body in the comet assay ([Fig. 5](#f0025){ref-type="fig"}g). One of the possible mechanisms that underlie these contrasting results could be that knocking-down of AR with AR-shRNA failed to alter the intracellular GSH level as compared to ASC-J9^®^ treatment, which might then fail to boost the ROS levels during combining IR with AR-shRNA treatment. These contrasting results suggest that ASC-J9^®^ may have additional non-AR-mediated functions, beyond degrading AR, to enhance IR efficacy.

Finally, to better explain why ASC-J9^®^ can increase IR efficacy to suppress PCa cells, and have few adverse effects on the normal bladder cells that neighbor the PCa cells, we hypothesize that there may be higher basal levels of ROS existing in PCa cells than in the neighboring normal bladder cells \[[@bb0335]\]. Combining ASC-J9^®^ plus IR may result in an overall increase in endogenous ROS in PCa cells, which may exceed their tolerance threshold and suppress PCa cell survival even in AR negative PC-3 cells (Supplementary Fig. S3). In contrast, the neighboring normal bladder cells with a much lower basal level of ROS \[[@bb0340]\] may have much higher tolerance for ASC-J9^®^-induced ROS. We also found that normal bladder cells generated much less ROS during the combined therapy of ASC-J9^®^ treatment with IR (Supplementary Fig. S4).

In summary, this preclinical study demonstrated that in both *in vitro* cell lines and the *in vivo* mouse model, a regimen that combines IR with ASC-J9^®^ treatment not only provided better efficacy over the current conventional RT + ADT with antiandrogen treatment to reduce PCa tumor size, it also resulted in no adverse effects on normal bladder cells. The limitation of this study is that even if ASC-J9^®^, as a radiosensitizer, truly improves RT outcomes, the effect is likely limited to decreasing local recurrences. For patients who eventually have distant rather than local recurrence, we did not set up an ideal model to evaluate the risk. In addition, with the *in vivo* model (subcutaneous implantation) in our study, we still cannot precisely evaluate the impact on the bladder function. The image guiding RT for small animal plus orthotopic PCa model, and bladder functional tests can help us to better address this question in future studies.

These results suggest that combining ASC-J9^®^ treatment with IR has the potential to be a novel therapy to help clinicians to better suppress PCa progression in humans.

The following are the supplementary data related to this article.Supplementary Fig. S1a--c. Clonogenic forming ability under serial doses of ASC-J9^®^. 14 days result in C4-2 (a), CWR22Rv-1 (b), and SV-HUC (c) cells after 6 h ASC-J9^®^ treatment; Supplementary Fig. S2: Protein level of total ATR and total CHK1 change after IR. (a) total ATR (b) total CHK1; Supplementary Fig. S3: ASC-J9^®^ treatment has partially effect in AR negative PCa cells. Clonogenic assay result of PC-3 cells; Supp Fig. S4: ROS levels in PCa and normal bladder cells. DCF-DA value in same numbers of C4--2 and SV-HUC cells before and after IR.Supplementary Fig. S1Supplementary TablesSee Supplementary data.Supplementary Tables
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